The aim of this study was to analyse the SPRN genes of goats from several scrapie outbreaks in order to detect polymorphisms and to look for association with scrapie occurrence, by an unmatched case-control study. A region of the caprine SPRN gene encompassing the entire ORF and a fragment of the 39UTR revealed a total of 11 mutations: 10 single-nucleotide polymorphisms and one indel polymorphism. Only two non-synonymous mutations occurring at very low incidence were identified. A significant association with scrapie positivity in the central nervous system was found for an indel polymorphism (602_606insCTCCC) in the 39UTR. Bioinformatics analyses suggest that this indel may modulate scrapie susceptibility via a microRNA-mediated post-transcriptional mechanism. This is the first study to demonstrate an association between the SPRN gene and goat scrapie. The identified indel may serve as a genetic target other than PRNP to predict disease risk in future genetics-based scrapie-control approaches in goats.
Transmissible spongiform encephalopathies (TSEs) or prion diseases are neurodegenerative disorders, caused by infectious proteinaceous particles (prions) devoid of nucleic acid, that affect humans and various animals. Known for at least the past two centuries, scrapie is the archetype of prion diseases, occurring naturally in sheep and goats. The key event in the pathogenesis of TSEs is the conversion of the host-encoded and naturally expressed cellular prion protein (PrP C ) into its aberrant counterpart PrP Sc . To date, several non-synonymous single-nucleotide polymorphisms (SNPs) within the PrP coding gene (PRNP) have been associated with enhanced putative resistance, prolonged incubation periods and/or enhanced susceptibility in TSE-prone species. Along with PRNP and PRND (encoding Doppel protein, Dpl), the Shadow of the Prion Protein (SPRN) gene is the third and most recently discovered member of the prion protein gene family. SPRN encodes Shadoo protein (Sho), which shares several structural and biochemical features with PrP. Sequence variation in the SPRN gene may have an effect on scrapie susceptibility, as Sho is thought to be involved in TSE pathogenesis and displays reduced levels during prion infections (Watts et al., 2007 (Watts et al., , 2011 Westaway et al., 2011) . Actually, the association of SPRN with human prion diseases was demonstrated by Beck et al. (2008) , who found that a frameshift mutation in SPRN, resulting in reduced expression of Sho, is associated with variant CreutzfeldtJakob disease (CJD), and that another coding mutation (T7M) may be a risk factor for sporadic CJD.
In sheep, the PrP-homologous hydrophobic region of Sho is polymorphic and an indel polymorphism detected in this region, resulting in the insertion/deletion of two alanine residues, has been associated with susceptibility to classical scrapie (Lampo et al., 2010) . In goats, however, data on SPRN variability are limited and whether a potential link exists between SPRN mutations and scrapie is completely unknown. Therefore, the aim of this study was to analyse the SPRN genes of goats from 10 scrapie outbreaks in order to detect SPRN polymorphisms and to look for any association between SPRN alleles and the occurrence of scrapie, by an unmatched case-control study.
Twenty-one scrapie-positive cases (mean±SD age, 55.4± 26.3 months) were included in the study. For scrapie diagnosis, the obex region was examined by histopathology, immunohistochemistry and/or Western blotting. The control group came from the same 10 herds that generated the cases and comprised 403 scrapie-negative goats (mean±SD age, 54.5±19.5 months). The animals were primarily of the Maltese, Red Mediterranean, Capra dei Nebrodi and crossed breeds.
Routine rapid tests were performed on the obex region of control animals. Genomic DNA was isolated from frozen brain tissue and EDTA-treated blood samples by using silica-column kits (Invitrogen). PCR amplification of the entire ORF and a fragment of the 39UTR of the SPRN gene was performed using the primers published by Stewart et al. (2009) with a modified touchdown PCR protocol (available upon request). SPRN polymorphisms were detected by direct DNA sequencing of both strands of the PCR products by using dye terminator cycle sequencing and an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). Sequences were aligned to build a 671 bp fragment of the SPRN gene. Genotyping of the PRNP gene of the control animals was performed by pyrosequencing at the time of culling and was available for codon 222. Fifty samples were also genotyped by direct sequencing of the full PRNP coding region to estimate the frequency of other PRNP polymorphisms in the control group. They were selected among the control animals according to a herdstratified random-sampling method.
To look for associations between the SPRN polymorphisms and the occurrence of scrapie, a case-control study was carried out. This was done by comparing allele and genotype frequencies between cases and controls in a preliminary univariate analysis by computing Fisher's exact x 2 test. For genotype-association analysis, heterozygous and homozygous genotypes for the less common allele were grouped together. A logistic regression model was then fitted, including the variables that resulted as being positively associated with both the outcome and the exposure (i.e. the scrapie status).
To avoid biased results due to the prevailing effect of PRNP polymorphisms in the control group, 49 controls found to be carriers of the protective 222K allele were excluded from the analyses. The Q222K polymorphism has been associated with protection against scrapie in two separate Italian studies involving several goat breeds (Acutis et al., 2006; Vaccari et al., 2006) . One of these studies also observed a significant association of the 154H allele of the PRNP gene with lower susceptibility to classical scrapie (Vaccari et al., 2006) ; therefore, a Monte Carlo simulation model taking in account the presence of the 154H allele and its distribution in Italian goat breeds was performed. Allele frequencies for the simulation model were based on a previous study published by our group (Acutis et al., 2008) . This assumption was confirmed by PRNP genotyping of a subsample of control animals, which demonstrated that the frequency of the 154H allele was consistent with the frequency observed previously in goats from southern Italy (f50.051). Furthermore, 12 goats were excluded from the regression model because of the lack of data on their breed. 'Breed' was included in the model as a covariate, whereas 'age' was excluded because it was not associated with exposure. All descriptive statistics and data manipulation were performed using STATA v. 11 (StataCorp).
Putative microRNA (miRNA)-binding sites were identified by the Patrocles program (http://www.patrocles.org).
In total, 11 mutations were found in the caprine SPRN gene: ten were SNPs and one was an indel polymorphism. A polymorphism was considered as such when it was found in three or more animals. Five synonymous SNPs in the SPRN ORF [codon (c.) 48GAA, c.59GAC, c.61GAC, c.100TAC, c.145CAA] and four polymorphisms in the 39UTR (positions 573GAA, 602_606insCTCCC, 624GAT, 645GAT) have been reported previously (Stewart et al. 2009 ), while two novel non-synonymous mutations were identified. They were detected at very low incidence in our sample: a CGGATGG substitution at codon 142 caused an amino acid change of Arg to Trp, and an AGGATGG substitution at codon 145 led to the amino acid change Arg to Trp. Two SNPs (c.48GAA, c.59GAC) were in complete linkage disequilibrium. No change was found in the hydrophobic alanine region of the gene. Table 1 summarizes the identified polymorphisms and their allele frequencies in the scrapie-positive and control animals. Association of an SPRN polymorphism with goat scrapie A significant association with scrapie positivity in the central nervous system (CNS) was found for the polymorphism causing the insertion of 5 nt (602_606insCTCCC) in the 39UTR. This association resulted from a difference in both SPRN allele and genotype distribution between the scrapiepositive and scrapie-negative goats (P50.028 and 0.04, respectively). The results of the logistic regression modelled on the allele are shown in Table 2 . Comparable results were obtained by using the genotype (data not shown). The Monte Carlo simulation model did not change the outcome in any way. The 602_606insCTCCC allele was found to be located in a putative binding site for miR-149*, a recently identified cognate miRNA of miR-149 (Lin et al., 2010) .
This study adds new data about the genetic variability of the caprine SPRN gene and shows that Sho is highly stable in goats. Our findings seem to exclude the action of a common selection pressure on the PRNP and SPRN genes in goats, and they run contrary to the observation of Daude et al. (2009) of a parallelism between the genetic variability of the two genes in other species. This hypothesis is grounded on the observation that low degrees of nucleotide diversity exist in human and mouse SPRN and PRNP ORFs (Daude et al., 2009) , while a number of coding alterations occur in both genes in sheep. Also, bovine SPRN was found to be highly conserved, similar to PRNP (Stewart et al., 2009 ; S. Peletto, M. G. Maniaci, P. Stewart, S. Colussi, P. Leone, W. Goldmann & P. L. Acutis, unpublished results). As the caprine PRNP gene carries many missense polymorphisms (Vaccari et al., 2009 ), a similar scenario could also be expected for the SPRN gene, but the lack of common coding polymorphisms detected in our study and that of Stewart et al. (2009) indicate that this parallelism is not reproduced in goats.
The most remarkable finding in our SPRN study is the identification of an indel polymorphism in the 39UTR (602_606insCTCCC) associated with classical scrapie in goats. In this analysis, the insertion of 5 nt (CTCCC) in the 39UTR was found to be more frequent in CNS-scrapiepositive animals than in the control group.
In our study, as scrapie testing of control animals was restricted to the obex, we cannot exclude that some goats might have tested positive for PrP Sc in the lymphoreticular system (LRS), where infectivity accumulates at a stage preceding neuroinvasion and neurological symptoms. However, the possible presence of asymptomatic carriers of LRS infection did not create a result bias, as we found a genetic association with susceptibility to the disease. This means that goats carrying the 602_606insCTCCC allele are more likely to harbour PrP Sc accumulation in the brainstem, which may indicate that scrapie has progressed faster in these animals.
Previous studies in Italy showed significant associations with scrapie for polymorphisms at codons 154 and 222, with histidine (H) at codon 154 reducing scrapie susceptibility, and lysine (K) at codon 222 being associated with scrapie resistance (Acutis et al., 2006; Vaccari et al., 2006) . Although the SPRN and PRNP loci are located on different chromosomes and linkage disequilibrium between their polymorphisms is not expected to occur, the prevailing influence of the PRNP gene could mask a potential effect of the SPRN gene, for example, by protecting control goats during exposure to the scrapie agent.
To ensure unbiased analyses, statistical analyses were therefore performed without the control-group goats carrying the 222K allele. Furthermore, because PRNP genotyping was available only for this codon, a simulation model was applied to consider the occurrence of the 154H allele as well. However, other PRNP codons (i.e. codons 142, 143, 146 and 211) are known to influence susceptibility to scrapie in goats (reviewed by Vaccari et al., 2009) and could be invoked to produce a similar effect. Nevertheless, no association with scrapie has been found for these polymorphisms in Italy (Acutis et al., 2006; Vaccari et al., 2006) . Noteworthy is that they are also known to occur at low frequencies or to be completely absent in goat populations from southern Italy (Acutis et al., 2008) , where the studied outbreaks were located. Furthermore, as already mentioned for codon 154, we performed full PRNP genotyping of a subsample of goats and found that these polymorphisms indeed occurred at very low frequencies in the control group (142M, f50.010; 143R, f50.031; 146S/146D, absent; 211Q, f50.010). Therefore, we consider it extremely unlikely that these uncommon polymorphisms could have played a major role in our study.
The 602_606insCTCCC indel occurs in a region of the SPRN 39UTR that is highly conserved in ruminants and characterized by repetitive motifs. Bioinformatics analyses suggest the hypothesis that this indel may contribute to modulation of disease progression via gene-expression regulation by an miRNA-mediated post-transcriptional mechanism. The Patrocles program predicted multiple (Lin et al., 2010) . As Sho and PrP expression seems to be complementary in mice and in ovine brain (Watts et al., 2007; Lampo et al., 2011) , it has been postulated that Sho potentially takes over certain functions of PrP in cells or regions containing little or no PrP. Accordingly, differential regulation of Sho expression at the mRNA level, linked to different genotypes, could play a role in scrapie susceptibility (e.g. by modulating incubation time).
The intervention of an miRNA is an intriguing hypothesis that obviously will need experimental demonstration by in vitro and in vivo experiments. However, alternatives to an miRNA-mediated mechanism could be postulated, involving, for example, differential binding to regulatory proteins of the 39UTR sequence encompassing the 602_606insCTCCC indel polymorphism. A further explanation would be that the indel itself might not be the direct cause of susceptibility, but rather that it is in linkage with another unknown functional polymorphism in SPRN.
Albeit that TSE-association studies are notoriously difficult and require confirmation by experimental exposure to different TSE strains of animals carrying the alleles of interest, the identification of a genetic target outside the PRNP gene could improve future genetics-based scrapiecontrol approaches in goats (e.g. by helping to overcome limitations due to the low frequency of the resistanceassociated PRNP polymorphisms in some breeds). Further studies are needed to assess whether genetic differences in the 39UTR of the SPRN gene could modulate other aspects of the disease, such as its pathogenesis or clinical pattern.
